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Abstract—In this paper, we experimentally demonstrate
the seamless integration of full duplex system frequency
division duplex (FDD) long-term evolution (LTE) technol-
ogy with radio over fiber (RoF) for eNodeB (eNB) coverage
extension. LTE is composed of quadrature phase-shift key-
ing (QPSK), 16-quadrature amplitudemodulation (16-QAM)
and 64-QAM, modulated onto orthogonal frequency divi-
sion multiplexing (OFDM) and single-carrier-frequency
division multiplexing for downlink (DL) and uplink (UL)
transmissions, respectively. The RoF system is composed
of dedicated directly modulated lasers for DL and UL with
dense wavelength division multiplexing (DWDM) for in-
stantaneous connections and for Rayleigh backscattering
and nonlinear interference mitigation. DL and UL signals
have varying carrier frequencies and are categorized as
broad frequency spacing (BFS), intermediate frequency
spacing (IFS), and narrow frequency spacing (NFS). The
adjacent channel leakage ratio (ACLR) for DL and UL with
64-QAM are similar for all frequency spacings while cross
talk is observed for NFS. For the best case scenario for
DL and UL transmissions we achieve error vector magni-
tude (EVM) values of ∼2.30%, ∼2.33%, and ∼2.39% for QPSK,
16-QAM, and 64-QAM, respectively, while for the worst case
scenario with a NFS EVM is increased by 0.40% for all
schemes.
Index Terms—Frequency division duplex; Full duplex;
Long term evolution; OFDM; Radio-over-fiber; Relay node.
I. INTRODUCTION
D ue to the exponentially growing demand of mobilebroadband end users, the 3rd Generation Partner-
ship Project (3GPP) has introduced long-term evolution
(LTE) as the next-generation standard for mobile broad-
band. LTE is also known as fourth-generation technology,
which is capable of providing higher data rates with
complex technologies [1].
eNodeB (eNB) is the base station for LTE, designed with
integrated functionality of a radio network controller,
base station controller, and radio access network, thereby
making it a complex, computationally intensive, and costly
structure [2]. In addition, the LTE operating carrier fre-
quency in the urban area is 2.6 GHz, which imposes higher
loss in wireless propagation and therefore limits the cell
edge to about 1 km radius due to the degradation of the
signal-to-noise ratio (SNR) [3]. The deterioration of SNR
at the cell edge has resulted in the user equipment (UE)
receiving a throughput of less than 20 Mb∕s [3]; therefore,
consecutive deployment of eNB at every 1 km radius in an
urban area is necessary to maintain the high throughput.
This increases the capital expenditure (CAPEX) as well as
the operating expenditure (OPEX). A direct solution to this
problem would be to extend the coverage area of eNB with
relay nodes (RNs), thus lowering both CAPEX and OPEX.
In the urban environment the transmission is mostly based
on non-line-of-sight connectivity due to high-rise buildings.
However, systemswith a cell extension of 3.2 km employing
a line-of-sight connectivity utilizing a radio frequency (RF)
wireless interface between eNB and decode-and-forward
RNs has been reported [3], which is not compatible with
the urban area application with the RF wireless interface.
Radio-over-fiber (RoF)-based eNB offers coverage exten-
sion up to 2.1 km with multicooperative schemes as
proposed in [4]. Kanesan et al. and Ng et al. have shown
theoretically [5] and experimentally [6], respectively, that
a much longer coverage extension of up to 68 and 60 km,
respectively, can be achieved for eNB by means of RNs (i.e.,
amplification and forwarding [AF]) via the RoF interface.
The prior reported cell extension schemes have mainly
focused on the downlink (DL) transmission in a half duplex
system of LTE [1,3–5].
In [7] a full duplex LTE transmission systemwith the RF
wireless interface based on an AF RN with an eNB cover-
age extension of 2 km and a throughput of 13.05 Mb∕s was
reported, thus demonstrating that the RF wireless inter-
face offers an insignificant impact on the eNB coverage,
as the actual LTE technology aims to deliver a throughput
of 100 Mb∕s.
Since the impact of RF wireless interface-based eNB
coverage extension has shown small improvement, in this
paper, for the first time to the best of our knowledge, we are
proposing and experimentally demonstrating the seamlesshttp://dx.doi.org/10.1364/JOCN.6.000008
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integration of a full duplex frequency division duplex
(FDD) LTE technology with the RoF interface for eNB
coverage extension. The coverage extension is based on
an AF RN via a 10 km RoF link. Figure 1(a) shows the
existing field deployment by 3GPP where eNB is deployed
at every consecutive cell with a 1 km radius. The cells are
labeled as 1, 2, and 3; the eNB is directly connected to UE
within each cell. In Fig. 1(b), our proposed structure con-
nects eNB and UE via a RN within the primary cell by em-
ploying the RoF interface. Although the adjacent cell
transmission is beyond the scope of this paper, we would
like to indicate that single eNB coverage can be further ex-
tended to the adjacent cell with the RoF interface. The
rationale for such a strategy is to reduce the deployments
of eNB, thus lowering CAPEX and OPEX, which in turn
accelerates the deployment of the 3GPP LTE network.
The rest of the paper is organized as follows. Section II
introduces the existing optical-fiber-based full duplex
system and the associated problems. Section III explains
the experimental system and its theoretical background.
Section IV presents and discusses the obtained results.
Finally, Section V concludes the findings of the paper.
II. PROPOSED FULL DUPLEX LTE SYSTEM
The conventional optical-fiber-based full duplex system
delivers DL and uplink (UL) transmissions over separate
dedicated optical fibers without the wavelength reuse
scheme [8,9]. On the contrary, some previous research
reports on dedicated fibers allocated for DL and UL with
the wavelength reuse scheme [10–13]. A full duplex system
with dedicated DL and UL optical fibers is the logical
solution to avoid Rayleigh backscattering and optical
interference as these are the major performance-limiting
factors [14,15]. It is important to state that Rayleigh
backscattering distortion is independent of an optical
modulator but is optical fiber dependent. That is, Rayleigh
backscattering not only occurs due to reflective devices
but arises from material imperfection of an optical fiber
[16–18]. However, using separate dedicated optical fibers
would significantly increase CAPEX and OPEX.
In [14,19] simultaneous transmission of DL and UL
signals over the same optical fiber employing wavelength
reuse was reported. It is also shown in [14] that Rayleigh
backscattering results in the increased noise level
surrounding the vicinity of the received signal. It is also
important to note that all the aforementioned optical-
fiber-based full duplex systems are designed based on the
external modulation scheme. In this work we have adopted
a direct modulation scheme because externally modulated
methods are complex and costly. However, direct modula-
tion schemes introduce a positive frequency chirp, in
contrast to externally modulated systems, which together
with the chromatic dispersion degrades the system perfor-
mance [20]. It is shown in [21] that the joint distortion
between positive frequency chirp and chromatic dispersion
introduces an average power penalty of ∼3 dB. But since
we are maintaining the optical launch power (OLP) within
the optimum region [5], the effect of positive frequency
chirp will be minimized.
In order to mitigate Rayleigh backscattering and optical
interference, the proposed system is designed with two
dedicated wavelengths each for UL and DL. The wave-
length spacing is in the range of dense wavelength division
multiplexing (DWDM) to maintain the optical spectral ef-
ficiency. In addition, having two dedicated optical carriers
for both DL andUL transmission will enable instantaneous
connections between eNB and UE. The system specifica-
tion is designed according to the LTE requirement as stated
in [22]. The full duplex system operates in the FDD mode.
For the DL, carrier frequencies fDL in the range of 2.62–
2.69GHz are used, whereas for theUL, upconverted carrier
frequencies fUL in the range of 2.5–2.57 GHz are adopted
according to the LTE FDD specification [23].
In the optical layer,DLandULsignals areused todirectly
intensity modulate the respective distributed feedback
lasers (DFBs). A direct detection scheme is employed for
both DL and UL. The relevant system parameters are pre-
sented inTable I. The systemevaluations forDLandULare
performed following direct detection. The evaluation is
carried out both in the passband and baseband regions with
the adjacent channel leakage ratio (ACLR) and the error
vector magnitude (EVM), respectively.
III. FUNDAMENTALS OF THE EXPERIMENTAL SYSTEM
The full duplex LTE-RoF experimental system setup is
shown in Fig. 2. Fundamentals of the experimental system
are as follows.
A. DL Baseband and Passband
The DL signal is generated via a vector signal generator
(VSGDL; Agilent ESG E4438C). The modulated baseband
Fig. 1. Full duplex LTE radio access network structure (a) with-
out RNs and (b) with RNs in an urban area.
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signal is in quadrature phase-shift keying (QPSK),
16-quadrature amplitude modulation (16-QAM), and 64-
QAM subcarrier multiplexing (SCM) formats and can be
expressed as XDLm, where fXDLm∶m  0;1;…; N − 1g,
m is the subcarrier index, and N is the number of subcar-
riers. XDLm is then modulated onto orthogonal frequency
division multiplexing (OFDM) multi-carrier modulation
(MCM) SDLn given by [22]
SDLn 
1
N
p
XN−1
m0
XDLmej2πmn∕N; (1)
where n  0; 1;…; N − 1 is the time domain index. The up-
conversion of SDLn after a digital-to-analog converter
(DAC) can be described as
SRFDLt  RefSDLtg  cosωRFDLt  ImfSDLtg
 sinωRFDLt; (2)
ωRFDL  2πfDL; (3)
where SRFDLt is the passband RF OFDM signal modu-
lated at fDL ranging from 2.62 to 2.69 GHz.
B. UL Baseband and Passband
In our proposed system, the UL signal is based on
single carrier-frequency division multiplexing (SC-FDM)
modulation according to the LTE standard. The UL signal
is realized via VSGUL and the instrument model is consis-
tentwith theVSGDL. SC-FDMisadoptedasMCMinstead of
OFDM in the LTE UL system. This is due to the prominent
peak-to-average ratio (PAPR) problem associated with
OFDM MCM. The SCM modulated signal with QPSK,
16-QAM, and 64-QAM can be expressed as XULp, where
fXULp∶p  0; 1;…;M − 1g and p is the spreading index.
XULp is transformed to the frequency domain by
applying an M-point fast Fourier transform (FFT) [22]:
XULk 
XM−1
p0
XULpe−j2πpk∕M; (4)
where fXULk∶k  0;1;…;M − 1g is the frequency domain
SCM signal and k is the frequency domain spreading
index. The M-point FFT is applied to spread the signal
energy to the entire spectrum to reduce the PAPR. The
contrast of the spreading can be observed from Table I in
terms of PAPR values of SC-FDM and OFDM. XULk is
mapped with the localized topology XULl, where l is the
mapping index. The localized topology for symbol mapping
fXULl∶l  0;1;…; N − 1g can be described as
TABLE I
SYSTEM PARAMETERS
Parameters Values
SCM modulations QPSK, 16-QAM, and 64-QAM
Bit rate (Mb∕s) 33, 66, and 100
Signal bandwidth (MHz) 20
RF power (dBm) 2 to −10
DFB bias (mA) 60
DFB bandwidth 2.7 GHz
SMF (km) 10
PD responsivity 0.42
PD bandwidth 50 GHz
LNA-gain; NF (dB) 18; 2.5
DL UL
MCM modulations OFDM SC-FDM
FFT/IFFT size NA/2048 1024∕2048
PAPR (dB) 11.16, 11.3,
and 11.67
7.59, 7.71,
and 7.86
Carrier frequencies (GHz) 2.62–2.69 2.5–2.57
Optical power (dBm) 1.06 1.19
Relative intensity noise (dB/Hz) −149.6 −151.219
Optical wavelength (nm) 1551.11 1550.31
Fig. 2. Full duplex LTE experimental setup.
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XULl 

XULk;0 ≤ k ≤M − 1
0;M ≤ k ≤ N − 1 : (5)
XULl is then converted to the time domain samples with
N-point inverse FFT (IFFT), denoting that N > M:
SULn 
1
N
XN−1
l0
XULlej2πnl∕N; (6)
where fSULn∶n  0; 1;…; N − 1g is the localized mapped
SC-FDM signal in the time domain. As mentioned ear-
lier, the PAPR of SULn is lower than that of SDLn. The
PAPR is analytically expressed as PAPRfSDL∕ULng
maxfSDL∕ULn2g∕EfSDL∕ULn2g, where Ef·g refers to the
expectation operator.
The baseband-to-passband upconversion process is
similar to that expressed in Eqs. (2) and (3). The SC-FDM
signal upconversion after DAC is given by
SRFULt  RefSULtg  cosωRFULt  ImfSULtg
 sinωRFULt; (7)
ωRFUL  2πfUL; (8)
where SRFULt is the passband RF SC-FDM signal modu-
lated at the fUL ranging from 2.5 to 2.57 GHz.
C. Direct Modulation and DFB
This section describes direct intensity modulation of
DFB lasers at wavelengths of 1551.11 and 1550.31 nm us-
ing SRFDLt and SRFULt, respectively. Owing to the bipolar
nature of the electrical signal, a bias current is added to
the signal. It is important to state that the DFB lasers
are impedance matched to the operating frequencies of
the proposed system. The fundamentals of intensity modu-
lation direct detection can be defined through the laser rate
equations [24].
The optical circulator for DL (OCDL) and UL (OCUL) in-
duces an optical loss of ∼3.8 and ∼5.9 dB, respectively, thus
resulting in OLPs of ∼1.06 and ∼1.19 dBm for DL and UL,
respectively; see Fig. 2. These losses are due to the signal
leakage from port 2 to port 3 of OCDL and OCUL. The leak-
age effectively manifests itself as the cross talk and will be
analyzed via ACLR measurement.
D. SMF
In this paper, the DL andUL signals at the output of port
2 of OCDL and OCUL, respectively, are concurrently
launched into 10 km of single mode fiber (SMF). The ana-
lytical model that governs the propagation properties of
SMF can be expressed by the generalized nonlinear
Schrödinger equation [25]. The OLPs for DL and UL are
maintained within the linear propagation region to avoid
nonlinear interference.
After propagating through 10 km of SMF, DL and UL
signals are detected at port 3 of OCUL and OCDL, respec-
tively, via a Newport D8-ir photodetector (PD) with the
direct detection scheme. Following photodetection, the re-
ceived RF DL and UL signals are amplified via a low-noise
amplifier (LNA) and subsequently demodulated using
the Agilent 9020AMXA signal analyzer (SA). The demodu-
lation is the reverse of the transmission process, except for
the additional zero forcing with minimum mean square
error equalizers for distortion compensation and additional
noise suppression, respectively [26]. In real field deploy-
ment, the DL signal will be amplified and forwarded to
an UE instead of being demodulated via SA.
IV. RESULTS AND DISCUSSION
The full duplex LTE-FDD system operates at fDL of
2.62–2.69 GHz and fUL of 2.5–2.57 GHz. The DL and UL
optical signal leakage in OCDL and OCUL will effectively
interfere with the receiving UL and DL optical signals, re-
spectively, in port 3. In principal, no interference will take
place between the DL optical signal leakage and the receiv-
ing UL optical signal in OCDL, which is the same case as for
the UL optical signal leakage and the receiving DL optical
signal in OCUL. However, photodetection will instigate an
intermodulation (IMD) product between signal leakages
and the received signals for both DL and UL due to the
subcarrier–subcarrier intermixing. Previously in [27] a
simulation-based half duplex transmission investigation
to demonstrate IMD impact on the high-frequency multi-
band transmission has been reported. Herein, the ACLR
metric is applied to measure the IMD phenomenon in
our system.
A. ACLR Measurement
The ACLR is exploited to measure the IMD between DL
and UL, and it can be analytically shown as
ACLR1

R fDL∕UL−B∕2
fDL∕UL−3B∕2
RRFDL∕RFULf df
R fDL∕UL3B∕2
fDL∕ULB∕2 RRFDL∕RFULf dfR fDL∕ULB∕2
fDL∕UL−B∕2
RRFDL∕RFULf df
ACLR2

R fDL∕UL−3B∕2
fDL∕UL−5B∕2
RRFDL∕RFULf df
R fDL∕UL5B∕2
fDL∕UL3B∕2 RRFDL∕RFULf dfR fDL∕ULB∕2
fDL∕UL−B∕2
RRFDL∕RFULf df
;
(9)
where ACLR1 and ACLR2 are the first and second adjacent
band measurements. ACLR1 measures the adjacent band
of 30 MHz spacing from fDL∕UL, whereas ACLR2 covering
the adjacent band for the 50 MHz band away from fDL∕UL.
This is because, in the FDD duplex scheme, the minimum
spacing between fDL and fUL is 50 MHz for the chosen
band. B is the 20 MHz signal bandwidth, RRFDL∕RFULf 
is the Fourier-transformed received analog signal of both
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DL and UL. The integrated bandwidth of adjacent cell
measurement is 20 MHz.
Figure 3 shows the half-duplex ACLR measurements
of SRFDLt and SRFULt. SRFDLt is composed of QPSK,
16-QAM, and 64-QAM with OFDM. SRFULt is modulated
with the same SCMs but with SC-FDM as the MCM. The
result in Fig. 3 is measured using SA after transmission
over 10 km SMF with a varying RF transmit power.
Herein, the RF transmit power refers to the electrical
power of SRFDL∕RFULt. At 2 dBm RF transmit power, the
average ACLR values of SRFDLt and SRFULt SCMs are
∼ − 28.60 and ∼ − 28.65 dBc, respectively.
According to the LTE standard defined by [28], the
ACLR requirement of LTE is −45 dBc. However, in our
case, the ACLR is in the range of ∼ − 28 dBc as shown
in Fig. 3. This is because of the responsivity of the PD used,
which is 0.42 (see Table I) and the resolution bandwidth of
the SA. Therefore, the detected electrical signal is close to
the noise floor of SA, thus directly increasing the ACLR.
This is the best achievable case in our lab using off-
the-shelf components, but a lower ACLR is achievable by
utilizing a PD with responsivity close to 1 to effectively in-
crease the ACLR from ∼ − 28 to ∼ − 35.5 dBc. The intention
of this paper is to demonstrate the system performance
under the reasonable noise spectral density, which in this
case is −114.04 dBm∕Hz. Hence, we did not reduce the res-
olution bandwidth (150 kHz) in order to artificially produce
lower noise spectral density and effectively achieve a lower
ACLR. However, there are three approaches that can be
adopted to achieve a lower ACLR. First, a bandpass filter
can be placed right after the LNA (see Fig. 1). Since we
wanted to exhibit the exact performance of the proposed
system no filter is used. Second, the ACLR can be further
improved by using a power amplifier cascaded with a band-
pass filter. Since the ACLR is an out-of-bandmeasurement,
it does not reflect the in-band SNR. Therefore, the high
gain from the power amplifier and the out-of-band attenu-
ating characteristic of a bandpass filter can satisfy the re-
quired ACLR. Finally, the SA can be replaced with
electrical receivers specifically designed for OFDM signals,
as shown in [29–31], which achieved very low noise spectral
density of −142.5, −155, and −154 dBm∕Hz, respectively.
Thus the required ACLR can be readily achieved. These op-
tions can be decided at the convenience of the system archi-
tect. Since Fig. 3 indicates that SCMs of both SRFDLt and
SRFULt have resulted in a similar ACLR, the rest of the
ACLR analysis will be only carried out for the SCM with
the highest bit rate, namely, 64-QAM in this case.
As mentioned earlier for the FDD scheme, the frequency
allocations for SRFDLt and SRFULt are 2.62–2.69 GHz and
2.5–2.57 GHz, respectively. As an initial step for
system design, it is vital to investigate the interferences
between the given frequency spacings. Figure 4 depicts
the measurement recorded following photodetection for
SRFDLt and SRFULt at 2 dBm transmit power. In this in-
vestigation, fDL swept through 2.62–2.69 GHz for a given
interfering fUL. The frequency spacing between SRFDLt
and SRFULt varies between 190 and 50MHz. The broad fre-
quency spacing (BFS) of 190 MHz could be achieved by
transmitting at fDL and fUL of 2.69 and 2.5 GHz, respec-
tively. Transmitting at fDL and fUL of 2.69 and 2.57 GHz,
respectively, will result in 120 MHz frequency spacing
denoted as the intermediate frequency spacing (IFS).
Frequency spacing of 50 MHz would be the case for fDL
and fUL of 2.62 and 2.57 GHz, respectively, which is termed
the narrow frequency spacing (NFS). The details of carrier
frequenciesand the frequency spacingare shown inTable II.
In Fig. 4, at fDL of 2.69 GHz with the interfering fUL of
2.5 GHz for BFS, the ACLR is ∼ − 28.59 dBc. In comparison
to the half-duplex system’s ACLR of ∼ − 28.60 dBc (Fig. 3),
the BFS transmission resulted in a negligible ACLR
penalty. As indicated in [14], Rayleigh backscattering in-
creases the noise level around the signal. The comparison
of the full duplex system to the half duplex system’s ACLR
shows the proposed architecture effectively mitigates
Rayleigh backscattering and other nonlinear effects alto-
gether. Transmitting at the aforementioned fDL with fUL
of 2.57 GHz for the IFS has resulted in an ACLR of
∼ − 27.91 dBc. Compared to the half-duplex system, the
full duplex system with the IFS has introduced an ACLR
-30
-28
-26
-24
-22
-20
-18
-16
A
C
LR
(d
Bc
)
-10 -8 -6 -4 -2 0 2
RF Transmit Power (dBm)
QPSK-OFDM (DL)
16QAM-OFDM (DL)
64QAM-OFDM (DL)
QPSK-SCFDM (UL)
16QAM-SCFDM (UL)
64QAM-SCFDM (UL)
Fig. 3. ACLR for a half-duplex system of DL and UL after 10 km
transmission.
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-26
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-20
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-16
-14
A
C
LR
(d
Bc
)
2.62 2.63 2.64 2.65 2.66 2.67 2.68 2.69
DL Carrier Frequency (GHz)
UL-2.5 GHz
UL-2.51 GHz
UL-2.52 GHz
UL-2.53 GHz
UL-2.54 GHz
UL-2.55 GHz
UL-2.56 GHz
UL-2.57 GHz
Fig. 4. ACLR of a full duplex system with DL transmission and
interfering UL signal for a 64-QAM system.
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penalty of ∼0.69 dB. Further investigation of the IFS with
a shift in fDL and fUL to 2.62 and 2.5 GHz, respectively,
attains an ACLR of ∼ − 27.93 dBc. Both IFS signals result
in a similar ACLR, thus demonstrating the degradation
of the ACLR to be frequency spacing dependent and carrier
frequency independent. Transmitting at fDL of 2.62 GHz
with fUL of 2.57 GHz for an NFS results in a significantly
higher ACLR of ∼ − 14.44 dBc. The ACLR penalty for the
NFS compared to the half-duplex system (Fig. 3) is
∼14.16 dB. It is clear that the implication of IMD with
an NFS is critical. Alternative signals that propagate
within this spacing would be heavily distorted due to the
IMD induced spectral regrowth. The BFS (190 MHz),
IFS (120 MHz), and NFS (50 MHz) frequency spacing re-
sults in a negligible ∼0.69 and an ∼14.16 dB ACLR penalty,
respectively, as shown in Table III.
It is necessary to indicate if the ACLR of SRFULt would
experience a similar degradation pattern with respect to
the frequency spacing; hence, we carried out a homo-
geneous measurement as was done for SRFDLt. In Fig. 5,
SRFULt and SRFDLt are transmitted at 2 dBm transmit
power. fUL of 2.5 GHz transmission with interfering fDL
of 2.69 GHz resulted in an ACLR of ∼ − 28.64 dBc for
BFS. Comparing the BFS ACLR of ∼ − 28.64 dBc to the
half-duplex system’s ACLR of ∼ − 28.65 dBc (Fig. 3), the
ACLR penalty is negligible. Transmitting at fUL of
2.57 GHz with the intercepting fDL at 2.69 GHz for IFS
showed an ACLR of ∼ − 28.05 dBc. Compared to the
half-duplex system, the IFS results in an ACLR penalty
of ∼0.60 dB.
At NFS with fUL of 2.57 GHz and fDL of 2.62 GHz trans-
mission, the resultant ACLR is ∼ − 14.53 dBc. The NFS
contemplated an ACLR penalty of ∼14.12 dB. The effective
ACLR penalty for BFS, IFS, and NFS are negligible at
∼0.60 and ∼14.12 dB, respectively. Table III summarizes
the ACLR penalties for the aforementioned frequency spac-
ings. As mentioned earlier, the significant ACLR deteriora-
tion of NFS is due to the high IMD. The achieved ACLR
and ACLR penalty indicate a similar degradation pattern
between Figs. 4 and 5 in terms of the frequency spacing.
Fundamentally, the similarity shows that the frequency
spacing induced distortion is independent of MCM.
B. Impact of Interfering Signal Power
In the previous section, it was shown that an NFS
(50 MHz) introduced a high IMD, and an ACLR perfor-
mance metric was adopted to measure the energy of IMD
products. Focusing on NFS, we continue to apply the ACLR
to measure the impact of interfering signals SRFULt and
SRFDLt with the varying RF transmit power level on
the received SRFDLt and SRFULt, as shown in Figs. 6(a)
and 6(b), respectively. SRFDLt and SRFULt are transmit-
ted at fDL of 2.62 GHz and fUL of 2.57 GHz, respectively.
For Fig. 6(a), SRFDLt is transmitted at 2 dBm and the
interfering SRFULt is varied between 2 and −10 dBm,
and the maximum RF transmit power is limited to 2 dBm
to avoid third-order IMD in a direct modulation scenario.
The response of interfering SRFULt power variation can
be observed in Fig. 7, where the RF transmit power of
SRFULt in Figs. 7(a) and 7(b) are 2 and −10 dBm, respec-
tively, while SRFDLt is fixed at 2 dBm.
From Fig. 6(a), transmitting both SRFDLtwith the inter-
fering signal SRFULt at 2 dBm results in an ACLR of
∼ − 14.44 dBc. The resultant high ACLR is due to the
IMD products as shown in Fig. 7(a). When the RF transmit
power of SRFULt is reduced to −10 dBm, the ACLR of
TABLE II
DL AND UL FREQUENCY SPACING
fDL fUL Frequency Spacing
2.69 GHz 2.5 GHz 190 MHz (Broad)
2.69 GHz 2.57 GHz 120 MHz (Intermediate)
2.62 GHz 2.57 GHz 50 MHz (Narrow)
TABLE III
FREQUENCY SPACING ACLR PENALTY PRODUCT
Frequency Spacing
ACLR Penalty:
SRFDLt
ACLR Penalty:
SRFULt
50 MHz 14.16 dB 14.12 dB
120 MHz 0.69 dB 0.6 dB
190 MHz Negligible Negligible
DL-2.62 GHz
DL-2.63 GHz
DL-2.64 GHz
DL-2.65 GHz
DL-2.66 GHz
DL-2.67 GHz
DL-2.68 GHz
DL-2.69 GHz
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SRFDLt is ∼ − 24.41 dBc, thus showing an improvement of
∼9.97 dB.Theoutcomeof this improvement canbe observed
in Fig. 7(b), which is relative to the suppression of IMD
products. A similar investigation is carried out for
SRFULt with the interfering SRFDLt as shown in Fig. 6(b),
where SRFULt and SRFDLt are maintained at the same
frequencies. This time around, SRFDLt RF transmit power
is varied between 2 dBm and −10 dBm instead of SRFULt,
while SRFULt is maintained at 2 dBm. The impact of power
variation of SRFDLt on SRFULt in terms of the spectral
response can be observed fromFigs. 8(a) and 8(b), which de-
pict the interfering signal of 2 and −10 dBm, respectively.
The resultant ACLR observed in Fig. 6(b) for SRFULt is
∼ − 14.53 dBc with the interfering signal transmitted at
2 dBm. This high ACLR value is due to the IMD products
as shown in Fig. 8(a). Conversely, transmitting the interfer-
ing signal at−10 dBmresulted inanACLRof∼ − 24.53 dBc.
The improvement in ACLR is associated with the IMD
suppression as depicted in Fig. 8(b). From the viewpoint
of the out-of-band distortion, both SRFDLt [Fig. 6(a)] and
SRFULt [Fig. 6(b)] have a similar degradation pattern
relative to the interfering signal.Additionally,we found that
at an NFS, the subcarrier–subcarrier intermixing due to
photodetection is power dependent and can be mitigated
by lowering the interfering signal power level.
However, the investigation only reveals the response of
the out-of-band distortion; thus the EVM measurement is
vital to further investigate the in-band distortion that
can be analytically expressed as [32]
EVM 

1
N
p
PN
n1 jRDL∕ULn − SDL∕ULnj2
q
Rmax
; (10)
where RDL∕UL is the received baseband symbols of DL and
UL, and Rmax is the maximum magnitude of the ideal
transmitted symbol utilized for normalization. In [28],
the EVM requirements were 17.5%, 12.5%, and 8% for
QPSK, 16-QAM, and 64-QAM, respectively. But in [33],
the minimum EVM requirement has been dropped to 8%
across all SCMs. Thus, the 8% EVM will be the figure of
merit for the proposed system throughout the paper. It
is also important to state that the ACLR requirement
remains unchanged from [28].
Since the EVM metric provides explicit and precise
quality of the received signal compared to the ACLR met-
ric, the combination of RF transmit power of the received
and interfering signals would provide an enhanced guide-
line on the basis of system design. Therefore, we are pre-
senting multiple EVM combinations at an NFS of SRFDLt
and SRFULt with respect to the interfering SRFULt and
SRFDLt, as shown in Figs. 9(a) and 9(b), respectively.
The EVM is presented as a function of the color coding.
SRFDLt [Fig. 9(a)] is transmitted at fDL of 2.62 GHz and
with a varying power of 2 to −10 dBm, while the interfering
SRFULt is transmitted at fUL of 2.57 GHz with a similarly
varying power. In Fig. 9(a), transmitting SRFDLt at 2 dBm
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UL, fUL  2.57 GHz, with varying UL RF transmit power:
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with an interfering signal SRFULt at 2 and −10 dBm re-
sults in an EVM of ∼2.67% and ∼2.26%, respectively. At
a low RF transmit power of −10 dBm for SRFDLt with
an interfering signal SRFULt at 2 and −10 dBm, the ob-
served EVMs are ∼11.92% and ∼11.55%, respectively.
The interfering signal with a lower power transmission
provides an improved EVM for the received signal, which
agrees well with results from the ACLR measurement. In
addition, SRFDLt transmitted at < − 6 dBm would not
comply with the 3GPP LTE EVM limit; therefore it is
essential that system designers maintain the RF transmit
power level within the boundary of > − 6 dBm. Multiple
EVM combinations presented in Fig. 9(a) reveal that irre-
spective of the SRFDLt RF transmit power, the average
EVM deviation is ∼0.40% when the interfering signal
SRFULt is transmitted between 2 and −10 dBm. The
multiple EVM combinations are not presented for QPSK
and 16-QAM systems. However, the average EVM reduc-
tions compared to the 64-QAM system are ∼0.15% and
∼0.08%, respectively, for all transmission states.
Multiple EVM combinations of the UL system are
carried out by measuring SRFULt as the receiving signal
with the interfering signal SRFDLt as shown in Fig. 9(b).
SRFULt and SRFDLt are maintained at fUL of 2.57 GHz
and fDL of 2.62 GHz, respectively, while the RF transmit
power is varied between 2 and −10 dBm for both signals.
The resultant EVMs are ∼2.64% and ∼2.26% for a fixed
SRFULt at 2 dBm while the interfering signal SRFDLt is
transmitted at 2 and −10 dBm, respectively. For SRFULt
with a lower RF transmit power of −10 dBm, the EVMs
observed with an interfering signal SRFDLt transmitted
at 2 and −10 dBm are 11.90% and ∼11.47%, respectively.
The EVM boundary of SRFULt is to maintain the RF
transmit power at > − 6 dBm, which is the same for the
case of SRFDLt [Fig. 9(a)]. The EVM deviation is ∼0.39%
for SRFULt for any RF transmit power levels with an in-
terfering signal SRFULt transmitted between 2 and
−10 dBm, which is approximately equivalent to the EVM
deviation of SRFDLt. The EVM reductions for QPSK and
16-QAM of SRFULt for multiple EVM combinations are ap-
proximately equivalent to the reduction rate of SRFDLt.
The results in Figs. 9(a) and 9(b) are comprised of a
linear pattern with closely related EVMs; thus, such a
relationship explains that the in-band distortion induces
the same impact for OFDM- and SC-FDM-based MCMs.
The summary of EVMs from Figs. 9(a) and 9(b) is presented
in Table IV.
C. Best Case and Worst Case Transmission
Condition
As a summary of the overall system performance, the full
duplex QPSK, 16-QAM, and 64-QAM SCMs are analyzed.
SCMs are evaluated in terms of EVM with respect to the
RF transmit power. SRFDLt and SRFULt are classified as
the best case transmission conditions with fDL at 2.69 GHz
and fUL at 2.5 GHz (BFS). The worst case transmission con-
dition is defined for a NFS, where SRFDLt and SRFULt are
transmitted at fDL of 2.62 GHz and fUL of 2.57 GHz.
Figures 10(a), 10(b), and 10(c) depict QPSK, 16-QAM,
and 64-QAM, respectively, for SRFDLt and SRFULt sys-
tems. For QPSK, see Fig. 10(a); at a transmit power of
2 dBm the best case and worst case average EVMs are
∼2.30% and ∼2.54%, respectively. Inset I of Fig. 10(a) rep-
resents the constellation of QPSK at 2 dBm transmit
power. The EVM is severely degraded at −10 dBm transmit
power, where the best case and worst case transmission
conditions resulted in ∼11.09% and ∼11.43%, respectively.
Inset II shows the heavily distorted QPSK constellation at
−10 dBm. Since the EVM for −10 dBm is very much higher
than the LTE limit, transmission at this power is not advis-
able. Such profound distortion occurring at −10 dBm is due
to the weak optical modulation index. The lowest transmis-
sion power that could achieve an EVM below 8% is −6 dBm,
which is consistent with the finding of Subsection IV.B.
TABLE IV
EVM IMPACT BASED ON INTERFERING SIGNAL POWER
Interfering Signal
Power SRFDLt SRFULt
2 dBm; −10 dBm 2 dBm: ∼2.67%;
∼2.26%
2 dBm: ∼2.64%;
∼2.26%
2 dBm; −10 dBm −10 dBm: ∼11.92%;
∼11.55%
−10 dBm: ∼11.9%;
∼11.47%
64QAM-UL (2.5 GHz-BC)
64QAM-DL (2.69 GHz-BC)
64QAM-UL (2.57 GHz-WC)
64QAM-DL (2.62 GHz-WC)
2
3
4
5
6
7
8
9
10
11
12
E
V
M
(%
)
-10 -8 -6 -4 -2 0 2
RF Transmit Power (dBm)
(c)
EVM Limit
II I
(a)
2
3
4
5
6
7
8
9
10
11
12
E
V
M
(%
)
-10 -8 -6 -4 -2 0 2
RF Transmit Power (dBm)
QPSK-UL (2.5 GHz-BC)
QPSK-DL (2.69 GHz-BC)
QPSK-UL (2.57 GHz-WC)
QPSK-DL (2.62 GHz-WC)
EVM Limit
II I
(b)
16QAM-UL (2.5 GHz-BC)
16QAM-DL (2.69 GHz-BC)
16QAM-UL (2.57 GHz-WC)
16QAM-DL (2.62 GHz-WC)
2
3
4
5
6
7
8
9
10
11
12
E
V
M
(%
)
-10 -8 -6 -4 -2 0 2
RF Transmit Power (dBm)
EVM Limit
II
I
Fig. 10. EVM against RF transmit power for BC andWC transmission condition of (a) QPSK, (b) 16-QAM, and (c) 64-QAM. OLPs for all
three modulation schemes are ∼1.06 dBm for DL and ∼1.19 dBm for UL.
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Therefore, discussion on −10 dBm RF transmit power will
not be carried out further for the subsequent modulations.
A similar degradation pattern of QPSK can be observed
for 16-QAM and 64-QAM in Figs. 10(b) and 10(c), respec-
tively. At 2 dBm transmit power, the best case and worst
case transmission conditions EVMs for 16-QAM [Fig. 10(b)]
are ∼2.33% and ∼2.61%, respectively. The corresponding
constellation diagram for 2 dBm transmit power can be
observed in inset I. For 64-QAM [Fig. 10(c)], the best case
and worst case EVMs are ∼2.39% and ∼2.64%, respectively,
while the constellation diagram can be observed in inset I.
The average EVM deterioration observed for the worst
case compared to the best case transmission condition is
∼0.36% across all three modulation schemes. The EVM
deterioration reveals the robustness of the proposed sys-
tem albeit using nonoptimal optical circulators. The overall
system achieves an EVM below 8% with a transmit power
as low as −6 dBm. Despite the variation in the constella-
tion sizes between QPSK, 16-QAM, and 64-QAM, the
EVMs achieved close proximity due to the normalization
factor of the EVM relative to the individual constellation
sizes; see Eq. (10) [32,34]. However, a larger constellation
size requires a lower EVM to achieve the same bit error
rate compared to a smaller constellation size [32,34].
It is also important to specify that the proposed system
design does not include the short RF wireless link between
the RN and UE, which will induce additional distortion.
But since the highest RF transmit power of 2 dBm can
achieve an EVM as low as ∼2.39% for a 64-QAM system,
while the EVM limit for an LTE system is 8%, there is
an additional error margin of 5.61% before the RF wireless
link hits the limit. Furthermore, the system quality was
demonstrated with a low EVM without the use of forward
error correction, whereas in commercial systems, only
codedmodulation will be transmitted. Overall, the wireless
link will not be a bottleneck for the proposed system.
V. CONCLUSION
In this paper, we have proposed the seamless integration
of full duplex FDD LTE technology with AF RNs and a
10 km RoF system as the interface. The RoF system was
designed based on dedicated directly modulated lasers
for DL and UL with DWDMwavelength spacing and single
SMF. The ACLR comparison between half duplex and full
duplex systems with a BFS (190 MHz) revealed the system
to be Rayleigh backscattering and optical interference free.
The DL systemwith BFS (190MHz), IFS (120MHz), and
NFS (50 MHz) resulted in negligible, 0.69, and 14.10 dB
ACLR penalties, respectively. In the UL system, the
aforementioned frequency spacing achieved a close proxim-
ity to the DL system for the ACLR penalties. The BFS and
IFS frequencies spacing experienced negligible IMD prod-
ucts. However, the NFS introduced severe IMD products
from subcarrier–subcarrier intermixing due to the photo-
detection. Further studies on the interfering signal power
were carried out with the aid of an ACLR and an EVM,
where we found that the subcarrier–subcarrier intermixing
effect is power dependent. In addition, we provided
multiple EVM combinations for DL and UL signals with
interfering UL and DL signals, respectively, within the
range of 2 to −10 dBm RF transmit powers. Investigation
showed that, irrespective of RF transmit power for the DL
and UL signals, the average EVM deviation is ∼0.40% for
the interfering UL and DL signals, within the maximum
(2 dBm) and minimum (−10 dBm) RF transmit power.
Finally, we reported that the best case transmission con-
dition for QPSK, 16-QAM, and 64-QAM systems achieved
the average EVM values of ∼2.30%, ∼2.33%, and ∼2.39%,
respectively, at 2 dBm transmit power.
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